ABSTRACT LIPPINcorr, BARBARA B. (Northwestern University, Evanston, Ill.), AND JAMES A. LIPPINCOrr. Characteristics of Agrobacterium tumefaciens auxotrophic mutant infectivity. J. .-Mutants of Agrobacterium tumefaciens auxotrophic for adenine, methionine, or asparagine are less infectious than the wild-type strain B6 from which they were derived and show increased infectivity on pinto bean leaves when the specific compounds required for growth of the mutants are added to the infected leaf. Reversion to a prototrophic form of nutrition is accompanied by increased infectivity. Tumors initiated by these auxotrophic mutants are shown to arise only at large wound sites where nutritional conditions may be less restricting. The data indicate that, after inoculation, the bacteria pass through a phase in which host-supplied nutrients are utilized for the production of one or more factors necessary for successful tumor initiation.
Many bacterial pathogens depend upon nutritional factors supplied by their host for infectivity and virulence [see review by Panos and Ajl (21) ]. This may range from an energy and ion source to complex situations involving many specific compounds. Lippincott et al. (19) showed that mutants of Agrobacterium tumefaciens auxotrophic for one of three separate compounds are less infectious per viable cell than their prototrophic parent. Prior investigations of this pathogen had not established a nutritional requirement for its infectivity. The mutagenic treatments used to obtain auxotrophs, however, may alter many factors necessary for infectivity other than those expressed as nutritional deficiencies. Definitive evidence for a nutritional requirement for pathogenicity of A. tumefaciens, therefore, must show the lower infectivity of auxotrophic mutants to be due to their specific biochemical deficiency. Further, since most of the auxotrophic mutants examined were still capable of tumor initiation, a characterization of this residual infectivity promised further insight into the crown-gall tumor induction process.
The following basic tests for associating nutritional requirements with loss of virulence have been formulated by the work of several investigators (1, 7, 14) : (i) separate auxotrophic isolates for a single specific deficiency should show similar losses in virulence; (ii) reversion of the mutants to a prototrophic form of nutrition should be accompanied by an increase in virulence; and (iii) addition to the host-pathogen complex of the specific compound satisfying the pathogen's growth requirement should result in increased virulence. In our previous paper, we showed three adenine-, two methionine-, and one asparaginerequiring strains to be less infectious than the wild type. In this paper, we show the infectivity of these mutants to be increased by adding to the infected leaf the specific compound required by these auxotrophs for growth and by reversion to a prototrophic form of nutrition.
Tumors initiated by auxotrophic mutants appear on the leaf during the first 4 to 5 days after inoculation, whereas with the parent strain tumors continue to appear to about 8 to 9 days. Since the number of tumors initiated on the pinto leaf is directly related to the number of bacteria in the inoculum from the time tumors are first observed, the relative infectivity of mutants can be compared with that of the parent strain throughout the period of tumor appearance. Extrapolation of such data shows the mutants to be inherently as infectious as the parent strain, providing additional evidence that the nutritional requirement is the significant modification reducing infectivity of A. tumefaciens auxotrophs.
We have postulated that early -appearing tumors are derived from large wound sites and later-appearing tumors from progressively smaller sites (18 MATERIALS AND METHODS Bacterial cultures and viable-cell counts. The conditions and media for culturing A. tumefaciens strain B6 and mutants derived from this strain were described previously (8, 19) . Stationary-phase (48-hr) cultures were used throughout these investigations. Viability determinations were made from quantitative serial dilutions of the cultures; the appropriate dilution of each sample was plated in triplicate on petri plates containing nutrient agar (2.3%; Difco) plus yeast extract (0.1%; Difco) and sucrose (0.5%). All mutant cultures tested for infectivity were also plated in triplicate on minimal medium containing 1.5% purified agar (Difco) at a dilution providing ca. 5 X 103 viable cells per plate. Infectivity results from experiments in which the number of colonies developing on minimal medium could account for 1% or more of the tumors observed were discarded. In the majority of experiments, however, no colonies developed on the minimal plates inoculated with the auxotrophs. Mutant colonies reverting to prototrophic nutrition were picked from minimal plates inoculated with 104 to 107 viable auxotrophic cells. Broth cultures derived from these isolates were tested for their ability to initiate colonies on minimal medium at the time of infectivity determinations. The isolates failing to give comparable colony formation on minimal and complex media were discarded.
All mutants produced 3-ketoglycosides in the test described by Bernaerts and De Ley (3), which is specific for Agrobacterium and, with the exception of ade-14, all consistently gave tumor induction. The mutants designated ade-4, ade-12, ade-14, met-I, met-2, and asp-i correspond, respectively, to the adenineless 1, 11, III, methionineless 1, 11, and asparagineless I described previously (19) .
In fectivity measurements. Infectivity determinations and studies of rate of tumor appearance utilized 16 primary pinto bean leaves for each sample concentration tested in the quantitative pinto leaf bioassay for tumor formation by A. tumefaciens previously described (8, 17) . The 
RESULTS
For valid comparisons of the specific infectivity of mutant strains with the wild-type strain B6, it is necessary to demonstrate that the assay procedures employed are fully applicable. A priori, it might be theorized that the one-particle, oneevent type of dilution curve characterizing B6 infectivity might not hold for the mutants, but that some multiple number of bacteria might be necessary at each site of successful tumor initiation. Such a result would necessitate a correction factor in comparing the specific infectivity of mutant and wild-type strains. Fortunately, as shown in Fig. 1 , each doubling of the number of mutant bacterial cells also results in a doubling of the number of tumors within the range of the assay. Thus, a single bacterium, in the case of auxotrophic mutants, is the usual tumor-inducing agent, as was observed for the wild type (17) .
The relative specific infectivity of phototrophic isolates derived from cultures of adenine-, methionine-, or asparagine-requiring mutants is shown in Table 1 . With few exceptions, the ability to grow on minimal medium is accompanied by an increase in infectivity above the auxotrophic parent. In half the isolates, the infectivity is not significantly different from the wild-type strain B6. Manigault and Beaud (20) for an avirulent strain (M-39) which is unable to utilize glucose, sucrose, or meso-inositol for growth on a defined medium, but grows in the presence of lactate or glutamate (2). Table 2 shows the stimulation of tumorinitiating ability of representative auxotrophs obtained by supplying to the infected leaf the specific compounds satisfying their growth requirements. Without exception, this treatment increased the relative specific infectivity of the auxotrophs. Although no serious attempt was made to attain optimal concentrations, mode of addition, or length of addition for maximal stimulation, a few of these additions resulted in specific infectivities approaching that of the wild-type control. These results indicate that adenine, methionine, and asparagine are not normally available to the bacterium in sufficient quantity to support tumor initiation at many wound sites.
In the pinto leaf bioassay, tumors initiated by strain B6 could be observed as early as 2 days after inoculation, and they increased in number in a linear fashion up to 7 to 9 days, when tumor appearance was complete (18) . Since fewer tumors were induced by these autotrophic mutants per viable cell than by the wild-type strain B6, it seemed possible that some difference in the rate of tumor appearance might be associated with this lower infectivity. As shown in Fig. 2 and Table 3 , a characteristic difference in tumor appearance existed after inoculations with an auxotrophic or a prototrophic strain. All tumors initiated by auxotrophs were typically observable by day 4 or 5 after inoculation. Thus, auxotrophs initiated only early -appearing tumors. The late -appearing tumors derived from fewer initial tumor cells (18, and see below) due to smaller wound sites were absent. This accounts, in part, for the reduced infectivity of the auxotrophs. Since the tumors initiated by the mutants began to appear simultaneously with those initiated by strain B6, the time required for the process of tumor initiation did not appear to be significantly altered in these mutants. Indirect evidence has suggested that the later a tumor appeared on the leaf, the smaller the initial wound was at that site (18) . Since auxotrophic mutants gave rise to only early-appearing tumors, it may be inferred that these mutants were active only on large wound sites. In this type of assay, however, it is possible to vary experimentally the relative distribution of wound sizes by using different sizes of carborundum in the inoculation procedure. In Fig. 5 was determined. Table 5 shows that fewer viable mutant cells were recoverable from leaves at day 2 to 7 after infection than was observed with wild-type cells. This is true on an absolute basis as well as on the basis of percentage of the original inoculum. Considering the number of bacteria applied to the leaves in each case, from day 3 on, the mutants showed about 20% or less of the survival of strain B6. Similar results have been obtained with several other adenine-requiring strains. Although a correlation exists between concentration of bacteria in the inoculum and the number of wild-type A. tumefaciens cells recoverable from the leaf several days later, the relation is not proportional (18) . The absolute differences between representative auxotrophs and strain B6, therefore, should be regarded as only qualitative.
DISCUSSION
Mutants of A. tumefaciens auxotrophic for adenine, methionine, or asparagine are less infectious than the prototrophic strain B6 from which they were derived. This reduced infectivity is due to the specific nutritional requirement and not to associated changes directly altering the production of a tumor-inducing principle since: (i) separately isolated mutants auxotrophic for these auxotrophic bacteria that are fully competent at the time of inoculation or that carry sufficient substrate with them to develop this competence in the absence of any host -supplied factors. However, for one class of tumor, those arising after day 5, an upper limit for the number of bacteria fully competent to initiate tumors at inoculation can be estimated. Although results vary somewhat with greenhouse conditions, the auxotrophs we have studied rarely initiate tumors appearing more than 5 days after inoculation. The small wound sites giving rise to these late-appearing tumors, therefore, are not susceptible to the auxotrophs. Addition of the compound required for growth of the auxotroph makes a portion of these sites susceptible, indicating that only the nutritional requirement is missing at these sites for tumor initiation. Since the number of these sites in many experiments may run to several hundred, it follows that the number of auxotrophic bacteria competent at the time of inoculation for these small sites must be considerably less than 1 % of the potentially infectious population.
As a corollary to these observations, the wildtype strain B6 must also engage in a period of metabolic activity after inoculation to accomplish the act of tumor initiation. This activity would normally be supported by wound juices and the synthetic capacity of the bacterium. Blocking the capacity to make adenine, methionine, or asparagine, but leaving the bacterium otherwise intact, thus reduces its infectivity. Certain molecules containing these compounds must be synthesized, or enzymatic reactions occur in which they participate before the initiation of a tumor can take place. Thus, a nutritional phase on the part of the bacterium after inoculation is clearly indicated in the etiology of crown-gall tumor initiation. As the bacterium is typically grown, it is not capable of tumor induction, but acquires this competence after introduction into its host. The rigid require- LIPPINCOTT AND LIPPINCOTT ment for viable bacteria so far observed in our experiments (16, 17) for tumor initiation appears to be directly correlated with this result. Two products elaborated by A. tumefaciens have been implicated in the tumor induction process, the tumor-inducing principle (TIP; 4) and bacterial auxin (12) . The production of either of these components could dictate a nutritional phase in the infection process. Preliminary experiments in which auxin was added to leaves infected with auxotrophic mutants have failed to produce greater promotion of infectivity than attained with strain B6. We tentatively conclude that lack of auxin production is not the underlying cause of nutritionally induced losses in infectivity. This suggests that the nutritional phase is required for the production of TIP per se. A possible alternative explanation, however, may be based on a requirement for unimpaired metabolism to maintain bacterial viability at wound sites until leaf cells reach an appropriate stage for conversion to tumor cells. This would require that the TIP be labile, necessitating active production of TIP by the bacterium at the time the leaf cell becomes susceptible. The reduced survival observed for mutants, relative to the parent strain, on the infected leaf may thus be of significance to their reduced infectivity.
Wound juice has been assigned several important functions in the crown-gall tumor initiation process (13) . Tumor size is delimited by wound juice-soaked areas surrounding the wound (22) , and larger tumors result when additional juice is supplied to the wound site (9) . Klein (10) has shown that thorough washing of beet root discs eliminates their ability to respond to the crowngall organism. The promoting action of wound juice has been ascribed to its action in stimulating host-cell conditioning (5), as a source of "wound auxins" which may promote incipient tumor cells (12) and as a source of specific substrates to be converted into TIP (10) . The later role of wound juice was deduced from the failure to isolate TIP from bacteria grown in the usual media (13), hence, negative evidence, and from unconfirmed reports of the isolation of TIP from bacteria grown on a synthetic medium plus wound juice (11) . The demonstration of a nutritional limitation on the infectivity of auxotrophs of A. tumefaciens indicates that, in these and prototrophic strains, wound juice serves as a growth medium for the metabolic events necessary to tumor initiation.
Auxotrophic mutants of A. tumefaciens are now characterized as: (i) unable to grow on minimal medium; (ii) generally of lower specific infectivity on pinto bean leaves; and (iii) capable of inducing only early-appearing tumors on pinto bean leaves unless supplied with their growth requirement. These characteristics may be applied to the examination of various species and strains of Agrobacterium to determine the extent to which naturally occurring auxotrophy is related to virulence and host range. Since auxotrophic mutants are capable of infecting only larger wounds, and since specific compounds required for the growth of an auxotroph may be supplied to varying degrees in different hosts, host parts, or hosts of varying age, the findings are suggestive of exact biochemical ways in which natural variations in pathogenicity and host range may have evolved.
